[1] The ''green'' McGill Paleoclimate Model (MPM), which includes an interactive vegetation component, is run between 122 and 80 kyr Before Present (BP) under Milankovitch forcing and Vostok-derived atmospheric CO 2 concentration. The model simulates the last glacial inception (LGI) at around 119 kyr BP, and the subsequent buildup of huge ice sheets over the high northern latitudes, especially North America. Due to the addition of a vegetation component and an improved land surface scheme in the MPM, the resulting ice sheet volume is relatively small over Eurasia but quite large over North America, which is in qualitative agreement with observations and represents a significant improvement over the LGI results from the previous version of the MPM. The reduction of the forest area at high northern latitudes during the inception phase, which is induced by decreased warm season insolation, is necessary for the ice sheets to grow over Eurasia and to have large ice sheet growth over North America. 
Introduction
[2] Gallée et al. [1992] was one of the first modelling studies to show that vegetation plays an important role in the glacial-interglacial cycle. Other previous studies found that vegetation can be a particularly important factor during the last glacial inception (LGI). For example, using an AGCM coupled to the vegetation model BIOME, de Noblet et al. [1996] showed that a southward treeline migration associated with low summer insolation is favorable for ice sheet buildup in high northern latitudes at 115 kyr BP. Gallimore and Kutzbach [1996] emphasized the importance of the tundra expansion at high northern latitudes for the onset of glaciation. Crucifix and Loutre [2002] simulated a large southward treeline shift at high northern latitudes during 126 -115 kyr BP and found that this shift was crucial for the appearance of perennial snow at high northern latitudes. Meissner et al. [2003] also noted that the northern treeline shifted southward in a LGI simulation. In their long transient simulations with an interactive atmosphere-oceanvegetation-ice sheet model, Kageyama et al. [2004] found that the inclusion of vegetation caused a large increase in the ice volume over North America. On the other hand, Calov et al. [2005a] , using another coupled atmosphereocean-vegetation-ice sheet model, showed that vegetation plays a secondary role during the LGI, and that the snowalbedo feedback is dominant for ice sheet growth. Here, we present the results of another transient modelling study of the LGI using a reduced complexity model with interactive vegetation, and offer further insights into the role of vegetation in the onset of glaciation.
[3] Wang and Mysak [2002] (hereinafter referred to as WM), used the five-component (atmosphere, ocean, sea ice, land surface and ice sheet) geophysical McGill Paleoclimate Model (MPM) to investigate the LGI and subsequent rapid ice sheet growth in the Northern Hemisphere (NH) under time-dependent orbital forcing and Vostok-derived atmospheric CO 2 concentration (radiative forcing). The main purpose of this paper is to investigate the impact on ice sheet growth of a dynamic vegetation component and an improved land surface scheme in the MPM [Wang et al., 2005a] , which is henceforth called the green MPM. Also, here we extend the length of the run done by WM, which was only 12 kyr, starting at 122 kyr BP. In this note the green MPM is integrated for a total of 42 kyr, from 122 to 80 kyr BP.
The Model and Experimental Design
[4] The green MPM, an Earth system Model of Intermediate Complexity (EMIC), is described by WM and Wang et al. [2004, 2005a] . After the appearance of WM, a solar energy disposition (SED) scheme was developed to describe more accurately the shortwave radiative processes which determine the solar energy absorbed by the atmosphere and surface, and the solar energy reflected to space [Wang et al., 2004] . Also, in contrast to the case by WM, the Greenland ice sheet is now explicitly resolved in the green MPM, being located in the western half of the North Atlantic as part of the ice sheet model, but attached to the North American continent for the purpose of coupling it to the other components of the MPM.
[5] The dynamic global vegetation model VECODE (VEgetation COntinuous DEscription), developed for use in EMICs by Brovkin et al. [2002] , has been interactively coupled by Wang et al. [2005a] to the MPM. In order to incorporate the biogeophysical vegetation-albedo feedback into the geophysical MPM, a new land surface scheme was also introduced into the MPM by Wang et al. [2005a] . The two major improvements to the MPM are (1) the parameterization of the seasonal cycle of leaf area index (LAI), and (2) the calculation of a seasonal land surface albedo by using the fractions of trees, grass and desert given by VECODE, the effective snow fractions and the seasonal LAI for trees [Wang et al., 2005a] . This green MPM has been used to simulate the millennial-scale GEOPHYSICAL RESEARCH LETTERS, VOL. 32, L12705, doi:10.1029 /2005GL023047, 2005 climate variability during the Holocene [Wang et al., 2005b] .
[6] Although carbon is stored in the vegetation and land surface of the green MPM, there is no calculation for carbon storage in and release from the ocean. Hence the atmospheric CO 2 concentration is prescribed using Vostokderived values [Barnola et al., 1999] , as by WM. The CO 2 concentration progressively decreases between 122 and 80 kyr BP. The green MPM is also forced by variable insolation [Berger, 1978] . The summer (June solstice) insolation at 62.5°N decreases substantially during the first 6 kyr of the run and reaches a low value of $440 W/m 2 around 119 kyr BP (see WM, Figure 1 ), which triggered the LGI in the model.
[7] Under the above radiative forcing, the vegetation component is interactive in the control experiment (CON). In five sensitivity experiments (see Table 1 ), vegetation is fixed in different ways in order for us to obtain a more complete understanding of the role of vegetation in the LGI. Two other sensitivity experiments with either fixed surface air temperature (SAT) or fixed precipitation in the vegetation component are also carried out to determine what drives the vegetation change.
Results
[8] Figure 1 illustrates the evolution of the North American, Eurasian and total (including Greenland) ice volume in the CON run and the sensitivity experiments defined in Table 1 . In the CON, the LGI occurs at about 119 kyr BP, and after this time the simulated ice volume is much lower over Eurasia than over North America, in qualitative agreement with the reconstructions of Lambeck et al. [2002] . The total volume simulated over the NH by 80 kyr BP is 21.0 Â 10 6 km 3 . The North American ice volume increases rapidly from 119 to 110 kyr BP and then slowly increases, reaching 14.3 Â 10 6 km 3 at 80 kyr BP. The Eurasian ice volume increases slowly until 95 kyr BP, after which time it increases more rapidly, reaching a final volume of 5.3 Â 10 6 km 3 at 80 kyr BP. The Greenland ice volume (around 1.4 Â 10 6 km 3 ) actually decreases slightly (about 7%) between 122 and 80 kyr BP. This change is negligible compared to the total ice volume change. In contrast to what was found by WM, a notable feature during the first 12 kyr of the run is that the green MPM produces a larger North American ice volume and a smaller Eurasian one. This is due to the addition of the vegetation component and the improved land surface scheme which takes into account the effect of the boreal forest on the land surface albedo.
[9] By running a simulation with fixed vegetation (experiment FGV), we found that the total ice volume at 80 kyr BP is 64% of that in the CON (see Figure 1a) . Also, with fixed vegetation, there is no ice sheet growth over Eurasia. Over North America, the ice volume is much lower during the first half of the run, although this volume is close to that in the CON during the second half. At 110 kyr BP, the North American ice volume is just 54% of that in the CON. These simulated features clearly demonstrate that the vegetation-albedo feedback plays a dominant role in the ice sheet growth over Eurasia and that this feedback makes a significant contribution to the ice sheet growth over North America during the inception phase. The relatively small effect of vegetation during the second half of the run indicates that the vegetation-albedo feedback becomes smaller when the North American ice sheet becomes larger.
[10] Our further sensitivity experiments show that fixing the lower latitude vegetation (experiment FLV; see the blue dashed line in Figure 1 ) causes small ice volume changes as compared to the CON run. This suggests that the fixed vegetation in the high latitudes is mainly responsible for the significantly decreased ice volumes in the FGV run. This is confirmed by the FHV run (see the green dashed line). In this experiment, there is no ice sheet growth over Eurasia and during the time period of integration the ice volume over North America is close to that in the FGV run. For the case of fixed vegetation over Eurasia (see the blue line), there is no ice sheet growth in this region and almost the same ice sheet growth over North America. However, for the case of fixed vegetation over North America (see the green line) there is a large reduction of the North American ice volume during the first half of the run. The results from these sensitivity experiments strongly suggest that the ice sheet growths are mainly affected by local vegetation changes.
[11] The results obtained with the green MPM do not display the interstadial (low-volume) stage MIS-5c (around 107 kyr BP). This interruption in ice growth is presumably due to increased summer insolation, subsequent ice melting and rapid sliding, the latter resulting in large discharges of ice into the melting region over land and into the ocean. Since the ice sheet model used in this paper is dynamic only, such rapid ice movement cannot be simulated. Table 1 for the design of experiments.
[12] Figure 2 shows the modelled distribution of the ice sheets in the control run at 122, 116, 110, 100, 90 and 80 kyr BP. We note permanent ice first appearing at 116 kyr BP in the vicinity of the northern Laurentide, Cordilleran, Scandinavian and eastern Siberian regions, and over Alaska (Figure 2b ). Between 116 kyr BP and 80 kyr BP, the ice sheets continue to expand longitudinally, towards the centre of the continents, as well as southward. At the end of the run (Figure 2f ), ice sheets are located over Alaska, northwestern Canada, northeastern Canada, northwestern Europe and eastern Russia. The ice sheets therefore progressively expand and thicken. However, our model produces ice sheets over Eurasia that are considerably smaller than those simulated by WM, especially in the Scandinavian region. In addition, the ice sheet over Alaska becomes much larger and thicker. A large ice sheet over Alaska also appeared in a recent simulation of Kageyama et al. [2004] . This result is consistent with the recent data study of Muhs et al. [2003] . However, we note that by taking into account the effect of dust on the snow albedo, Calov et al. [2005b] were able to find a solution with no ice sheet growth over Alaska.
[13] Figure 3 illustrates, among other things, the evolution of the control run tree and desert fractions, averaged between 60 and 75°N (red lines). The evolution of the tree fraction curves (Figure 3a) follows closely the summer insolation variations, while the evolution of the desert fraction curves (Figure 3b ) is opposite to these variations. When the summer insolation increases (decreases) at high latitudes, the tree area expands (shrinks) and the desert area decreases (increases). Furthermore, there is a general increasing trend of the desert fraction, due to the buildup of huge ice sheets and the subsequent replacement of vegetation cover by ice desert.
[14] Figure 3 also shows the results from further sensitivity experiments with either fixed SAT (the green curves) or precipitation (the blue curves) in the vegetation component. Upon noting the similarity in blue curves (with active SAT, fixed precipitation) with the red ones, we conclude that the tree and desert fraction changes between 60 and 75°N are driven predominantly by the temperature changes. (Between 30 and 60°N , the changes in tree and desert fractions are very small (figure not shown).) Specifically, it is the change of the growing degree days that drives the high latitude vegetation changes. The increased insolation during the warm season in the high northern latitudes increases both the length and temperature of this season, which favors the tree growth. The increased forest area further warms up this region. Upon comparing the green curves (with active precipitation, fixed SAT) with the red ones, we clearly see that the tree response to precipitation only does not follow the summer insolation variations. The tree fraction varies inversely with the ice volume.
[15] Figure 4 shows, for the control run, the modelled tree fraction distribution between 75°N and 75°S at three time slices. By comparing these plots with the simultaneous ice sheet distributions (in Figures 2a, 2d , and 2f), we see that the trees progressively disappear as the ice sheets build up and give way to desert in high northern latitudes. The deserts (not shown) therefore expand to the places where the ice sheets are located. At 80 kyr BP, there are almost no trees anywhere in North America between 60 and 75°N due to the expansion of the ice sheets. The same is true in Eurasia between 65 and 75°N. In high northern latitudes, the treeline has therefore shifted southward by 5 to 10°over the course of the simulation. In view of this, the tree fraction averaged between 60 and 75°N (see the red curve in Figure 3a ) has substantially decreased between 122 and 80 kyr BP, whereas the desert fraction has greatly increased (see the red curve in Figure 3b ). These changes in vegetation and the associated changes in surface albedo contribute to the expansion of the ice sheets, owing to the positive vegetation-albedo and ice-albedo feedbacks.
Conclusions
[16] The green MPM with a new SED and an interactive vegetation component has been used to simulate the LGI between 122 and 80 kyr BP, in response to the prescribed insolation and the Vostok-derived atmospheric CO 2 concentration. Glacial inception begins in the simulation at 119 kyr BP, after which time there is a large ice sheet growth over North America and a small one over Eurasia. Ice progressively appears over the Cordilleran region, Alaska, northeastern Canada, Scandinavia and eastern Siberia. The smaller ice sheet buildup in Eurasia as compared to that obtained by WM can be directly attributed to the presence of vast forests and their effect on reducing land surface albedo over northern Europe, at the beginning of the run. The total ice volume simulated in the NH is somewhat lower, however, than that estimated from sea-level reconstructions.
[17] Furthermore, the total simulated ice volume is considerably smaller if the global vegetation is fixed throughout the run (experiment FGV). The fixed vegetation prevents Eurasian ice sheets from appearing. The vegetation-albedo feedback significantly enhances the ice sheet growth over North America during the inception phase. Further sensitivity experiments show that it is the high northern latitude vegetation change that strongly affects the ice sheet growth. This vegetation change is dominantly driven by orbitally induced summer temperature change.
[18] As noted earlier, only the vegetation-albedo feedback is included in this version of the MPM. In order to represent the full impact of vegetation dynamics on the evolution of the climate, other feedbacks should be included: the vegetation-precipitation feedback, which takes into account the impact of vegetation on the hydrological cycle, and the biogeochemical feedbacks, which take into account photosynthetic activity and the absorption and release of CO 2 by the terrestrial biosphere and the ocean. To include the latter feedbacks, an interactive ocean carbon cycle module is needed.
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